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ABSTRACT:
The effect of copper on proeutectoid cementite precipitation was investigated by examining the isothermal transformation characteristics of Fe-e and Fe-C-Cu alloys that had comparable carbon contents.
The TTT diagrams generated for the Fe-1. 43wt .%C and the Fe-1.49wt%C- 4.90wt .%Cu alloys showed that the kinetics of proeutectoid cementite precipitation were not significantly affected by copper. The morpho logy of the proeutectoid cementite. as seen in the optical microscope. was also substantially the same in both alloys. However.
transmission electron microscopy revealed the presence of small epsilon-copper precipitates within the proeutectoid cementite of the copper containing steel. It was concluded that this precipitation of €-Cu took place at the cementite:austenite interphase boundaries. and that the transport of copper to the prec ip it at es was accomplished by interphase boundary diffusion.
The small influence of copper on the kinetics of proeutectoid cementite precipitation is discussed in terms of diffusional growth theories. and the st rue ture of the cement it e:aust en it e interphase boundary.
•. . This evolution of microstructure is analogous to that which occurs during the precipitation of proeutectoid ferrite in hypoeutectoid steels [2.3] . Proeutectoi4 cementite grain boundary allotriomorphs have been identified as a source of embrittlement in high carbon steels [4] .
Proeutectoid cementite grain boundary allotriomorphs thicken rapidly at first. but much more slowly at the later stages of the transformation [6] . The initial thickening rates have been found to be considerably lower than those calculated under the assumption that growth is controlled exclusively by the diffusion of carbon through austenite [5.6] . Thickening rates lower than those allowed by the diffusion of carbon through austenite have also been found for proeutectoid ferrite grain boundary allotriomorphs in hypoeutectoid steels [2. 3.7] e These sluggish thickening kinetics have been attributed to the effects of interphase boundary structure [2. 3.5.6.7] . It is thought that the interphase boundary surrounding grain boundary allotriomorphs consists of a mixture of incoherent and partially coherent port ions [ 2] . The incoherent port ions have high mobility. and can migrate freely under the action of carbon diffusiqn [2] . The partially coherent portions are manifested as planar facets which can migrate normal to themselves only by a ledge mechanism [2.3] .
The necessity to migrate by a ledge mechanism causes these facets to act as a structura 1 impediment to growth [2.3] . However. the exact amount and distribution of partially coherent facets that exist at the boundary remains uncertain. and this is a central issue concerning the diffusional decomposition of austenite.
Proeutectoid cementite grain boundary allotriomorphs thicken more rapidly in high purity Fe-C alloys than in steels containing ca. Oe23wt.% Si [5] . Silicon has very little solubility in cementite [8] . and it is thought that the partitioning of silicon away from growing cementite plays a large role in reducing allotriomorph thickening kinetics [5.9] . Conversely. it has been shown that phosphorus can accelerate proeutectoid cementite precipitation [10] . However. the current understanding of the effects of alloy chemistry on proeutectoid cementite precipitation. particularly with regard to how it can be inhibited. is far from complete. the partially coherent portions of the boundary can still alter the rate of boundary migration through their influence on the diffusion gradient of carbon [20] .
The present work was undertak.en in order to develop a better understanding of how the partitioning of substitutional solutes influences the kinetics of proeutectoid cementite precipitation.
In addition to its significance as a sintering aid in powder metallurgy [21] . and as an impurity in recycled steel [22] .
copper was chosen as an alloying element because it does not form a stable carbide [23] . and it has very little solubility in cementite [24] . Therefore. there is a strong thermodynamic tendency for it to partition away from cementite. The effect of copper is evaluated by comparing the isothermal transformation kinetics and microstructures of Fe-C and Fe-C-Cu alloys that have similar carbon contents. When the isothermal reactions were longer than 30 minutes. a different procedure was used in order to avoid decarburizat ion.
For these heat treatments the specimens were first sealed in evacuated quartz capsules. and then aust en it ized. in a box furnace. at 1150°C. for 30 minutes. The specimens were then quickly transferred to an adjacent box furnace that was maintained at the transformation temperature. The temperature control of the box furnaces was t 3°C. After isotherma 1 react ion. the specimens were quenched into iced-brine.
. .
After heat treatment. a broad face of the small plates was The specimens used for transmission electron microscopy were prepared from the 0.25mm X 13mm X 13mm sheets by standard grinding and jet-polishing techniques. Jet-polishing was performed with either a chrome-acetic-acid electrolyte at 21°C.
or a 1% perchloric acid-methanol electrolyte at -68°C. Ion beam milling was sometimes performed on the jet-polished specimens to expand the electron transparent areas.
Conventional transmission electron microscopy was performed on a Philips EM 301 operated at lOOkV. Convergent beam electron diffraction and· energy dispersive X-ray spectroscopy (EDS) were performed on a Philips EM 400 operated at lOOkV. Because of an objectionably high Cu K~ systems backround. EDS results will only be reported qualitatively.
III. RESULTS
The TTT diagrams generated for the Fe-1.43C and the Fe- When the €-Cu precipitates were small (<300i). their density was high. and their spatial distribution was apparently random.
Extensive tilting of the specimens. and observation of stereopairs. failed to reveal any consistent and systematic distributions of these small precipitates.
Although the small €-Cu precipitates always appeared to be randomly distributed. the larger precipitates. produced by long isothermal transformations. were often found to be systematically distributed. An example of this is shown in Fig.9 . which shows €-Cu precipitates within proeutectoid cementite that was produced by transformation at 800°C. for 190 minutes. There it can be seen that as the €-Cu precipitates increase in size. from about lOOi to about SOOi. their spatial distribution changes from apparently random to regularly spaced linear arrays.
* Throughout this text the convention used to describe the dimensions of the cementite orthorhombic unit cell wili be that which 'has been traditionally used by metallurgists. a < b < c [32] .
Nearly all of the t:-Cu precipitates shown in Fig.9 [35] , and d 2 =d(l03)CEM=2.013i [32] , the para lle 1 moire' fringe spacing was ca leu lat ed to be 56.7 R.
The average para lle 1 moire' fringe spacing measured from Fig.9 was 531, which agrees well with the calculated value. The angle of rotation of moire' fringes, W, is related to the angle of rotation between the t:-Cu and cementite crystals. &, by the moire' magnification. W=M&. The largest measured rotation of the moire' fringes in Fig.9 was 40°, which. with M=28.2, gave a calculated value of 6=1.4°. Therefore, Fig.9 indicates that for this orientation, i.e. Since martensite and bainite are usually Kurdjumov-Sachs or Nishiyama-Wasserman related to austenite [30.31] . the consistently observed N-W orientation relationship between €-Cu and martensite indicates that the €-Cu was cube:cube related to the austenite. This is expected since the lattice parameters of high carbon austenite and €-Cu are very similar [35] . hence the {111} planes of these f~~. phases must have matched very well.
Although it appears that a cube:cube relationship was always maintained between €-Cu and austenite. the €-Cu established ... and Fe-1.49C- 4.90Cu . indicate that the growth rates of proeutectoid cementite were substantially the same in both alloys. As has been found by previous researchers [5, 6] , the thicknesses of the allotriomorphs indicate that these growth rates were less than those allowed by the diffusion of carbon Thickening rates lower than those allowed by the diffusion of carbon through austenite are also exhibited by proeutectoid ferrite grain boundary allotriomorphs [7] . Although models based on the assumption that growth is . .. 
